Introduction
Since ~15 years, solid state lasers emitting in bands II (2.7-4.3, 4.5-5.2 m) and III (8-14 m) of the atmosphere transparency spectral range are being developed for imaging, polluting species detection as well as military NRBC detection and optronic countermeasures. Because most of these applications require highly brilliant and/or important peak power laser sources, several RE 3+ -doped (RE=rare earth) low phonon energy (ħ<400 cm -1 ) chloride and bromide crystals, such as APb 2 X 5 (A=K,Rb;X=Cl,Br) or CsCdBr 3 , stand out as promising laser gain media in the mid-infrared (MIR) spectral range [Doualan & Moncorgé, 2003; Isaenko et al., 2008] . Indeed, these bulk crystals, transparent up to more than 18 m, could be used at room temperature and their emission lifetime-emission cross section product ( EM  R ) at the laser wavelength is high enough to allow for energy storage and subsequent pulsed regime laser operation. Moreover, in these systems, the laser beam quality could be high even at high output powers.
This chapter is composed of three parts. The first one reviews all the successful laser operations ever demonstrated. The basic thermal, mechanical, optical and spectroscopical properties characterizations are presented for a series of halide crystals : single crystal Raman spectroscopy, Fourier-transformed infrared (FTIR) spectroscopy, X-Ray diffraction (XRD) and thermal conductivity data, showing at a glance the transparency range, the highest phonon energies, the site symmetry of RE 3+ ions as well as mechanical hardness, among other laser-related characteristics. The second part deals with RE 3+ ions spectroscopy related to the pumping strategy for a better inversion population kinetics at play during laser operation. Such mechanisms as upconversion energy transfers (ETU) and excited-state absorption (ESA) are detailed in the case of Er 3+ and Pr 3+ ions. Spectroscopic data on more exotic Tl 3 PbX 5 (X=Cl,Br) crystals, which are optically non linear in addition to the general propensity to MIR laser operation is presented only to illustrate crystal field strength trends affecting the absorption and emission bands, as well as energy transfer mechanisms between Er 3+ ions and ultimately gain cross sections. The third part of this chapter addresses the synthesis and crystal growth of pure and RE-doped chlorides and bromides in relation to their spectroscopical and laser operation properties. The choice of such growth parameters as the nature and shape of the crucible, the nature of the gas and its pressure, the growth rate, is fundamental to avoid bubble formation, stabilize RE 3+ oxidation state, minimize the complications arising from crystallographic phase transition and the mechanical stresses upon cooling, control as much as possible RE 3+ -ion segregation, and so on. All these aspects ultimately affect laser operation and the relationships between growth conditions, growth defects and laser performances have scarcely been discussed in the literature on these laser materials, which is surprising if these crystals are to be produced on a large industrial scale by the well spread Bridgman-Stockbarger method.
MIR solid state laser operation
To date, the longest laser wavelength ever achieved, 7.15 m [Bowman et al., 1994 [Bowman et al., , 1996 , has been obtained with a 4-mm long LaCl 3 :Pr 3+ (0.7 % at.) single crystal operated in the pulsed regime. This pioneering work by Bowman and his collaborators has not been reproduced since 1996, probably because the crystals were so hygroscopic that they had to be kept in a cryostat during all the measurements to avoid their deliquescence. In these crystals, the most energetic phonon vibrates at 210 cm -1 and the transparency range extends up to 15 m. The pumping scheme of this laser emission involves an ETU mechanism by photon addition from the thermalized 3 H 6 and 3 F 2 levels according to 2* 3 H 6  3 H 5 + 3 F 3 (figure 1). The laser crystal is pumped at 2.02 m on the 3 F 2 level by means of a Tm:YAG laser (being itself diode-or flashlamp-pumped) delivering free-running pulse trains at frequencies from 2 to 100 kHz with an average power 70 W. In spite of this "awkward and expensive 2 m pumping scheme", as Howse et al. recently put it [Howse et al., 2010] , the crystal exhibits a high absorption cross section around 2 m (10 times higher, for instance, than the absorption one around 800 nm, which corresponds to the 4 I 9/2 pump level of Er 3+ :KPb 2 Cl 5 , figures 2 and 3). The laser emission centered at 7.15 m occurs between levels 3 F 3 (the experimental lifetime of which  2 , measured by direct pumping with an Er 3+ laser at 1.6 m, equals 58 s) and 3 F 2 . At 20 °C, the laser slope efficiency reaches 3.9 %, the absorbed power conversion yield 2.3 % and the pump threshold ~4 mJ. Bowman et al. suggested that thermalization of levels 3 F 4 and 3 F 3 would make efficient a direct pumping at 1.5 m on level 3 F 4 (figure 1). They were also the first to tune laser operation from 4.42 to 4.70 m on the 4 I 9/2  4 I 11/2 transition of Er 3+ ions in KPb 2 Cl 5 single crystals, with diode pumping at 800 nm and an absorbed power conversion yield at room temperature of 7.6 % (to be compared with the quantum yield of 17.4 %) [Bowman et al., 1999 [Bowman et al., , 2001 Condon et al., 2006a ] (see in Fig. 2 ). The main reason why the APb 2 X 5 (A=K,Rb;X=Cl,Br) family of laser hosts has triggered a continuous breed of publications since 2001 lies in the non hygroscopicity of the crystals, which turns out to be unusual among chlorides and bromides host crystals with luminescent properties [Egger at al., 1999; Kaminska et al., 2011; Nitsch et al., 1993 Nitsch et al., , 1995a Nitsch et al., , 1995b Nitsch et al., , 2004 Nitsch & Rodová 1999; Rodová et al., 1995; Vinogradova et al., 2005; Zhou et al., 2000] . The interest of diode pumping lies in the simple and compact cavity design (cavity length of 8 mm with KPb 2 Cl 5 :Er 3+ crystals), and that of KPb 2 Cl 5 crystals, as previously stated, to manipulate a non hygroscopic and air stable gain medium. Even if a 19 W power diode had to be used (absorption rate ~4 %) with a beam waist ~150 m, it should be noted that this crystal was efficiently operated at ~50 Hz, without any cooling system, clearly establishing its satisfying thermomechanical properties (table 1) . Laser operation was demonstrated at 5.5 µm in RbPb 2 Cl 5 crystals doped with Dy 3+ ions (2.10 19 cm -3 , 6 H 9/2 + 6 F 11/2  6 H 11/2 ), with flash-lamp pumped YAG:Nd 3+ laser operating in free multimode simultaneously at 1.32 and 1.34 µm, with a repetition rate of 2.5 Hz and a beam waist in the crystal ~300 µm [Okhrimchuk et al., 2007] . Preliminary laser tests on unoriented crystals obviously full of scattering defects gave a laser slope ~0.1 % and a threshold of 25 mJ. Although Dy 3+ ion spectroscopy were investigated in CaGaS 4 and KPb 2 Cl 5 crystals, because of their seemingly promising laser transitions 6 H 11/2  6 H 13/2 at 4.31 µm, we shall not insist on that since they can not be currently diode pumped at 1.32 µm [Nostrand et al., 1998 [Nostrand et al., , 1999 Okhrimchuk, 2008] . Table 1 . Laser-related crystallographic, thermal, mechanical, optical and spectroscopical properties of selected low phonon energy halide crystals [Aleksandrov et al., 2005; Atuchin et al., 2011; Cockroft et al., 1992; Doualan & Moncorgé, 2003; Ferrier et al., 2006a Ferrier et al., , 2007 Ferrier et al., , 2008a Ferrier et al., , 2008b Ferrier et al., , 2009a Ferrier et al., , 2009b Heber et al., 2001; Isaenko et al., 2008 Isaenko et al., , 2009a Isaenko et al., , 2009b Malkin et al., 2001; Mel'nikova et al., 2005; Merkulov et al., 2005; Neukum et al., 1994; Nostrand et al., 2001; Okhrimchuk et al., 2006; Popova et al., 2001; Quagliano et al., 1996; Ren et al., 2003; Singh et al., 2005; Velázquez et al., 2006a Velázquez et al., , 2006b Virey et al., 1998; Vtyurin et al., 2004 Vtyurin et al., , 2006 The great number of close energy levels within the 4f configuration explains the interest for RE ions as optically active species for MIR applications. When dissolved in low phonon energy crystals such as halides and bromides, nonradiative multiphonon emission probabilities between the two levels of the laser transition are significantly reduced. Hence, they allow for reaching long emitting level lifetimes, on the order of a few tens of µs to tens of ms. Consequently, RE-doped APb 2 X 5 crystals are likely to insure sufficient energy storage for amplification. The shape and magnitude of the absorption bands around 800 and 980 nm (figure 3), where efficient, compact, rugged, high-powered and cheap laser diodes are easily available as pumping sources, has been widely characterized. The forced electric dipole emission bands from the Er 3+ ions 4 I 9/2 multiplet, which are never obtained in the MIR range (1.7 m, 4.5 m) in oxides and fluorides, was also exhaustively discussed (figure 4). On the other hand, energy transfers between Pr 3+ ions (figure 1), on which the world record in terms of laser wavelength is based, has been investigated with an emphasis put on ion pairing effects, by comparing the efficiency of energy transfers in KPb 2 Cl 5 , Tl 3 PbBr 5 and CsCdBr 3 , all of which being non hygroscopic. Exactly as in the case of Er 3+ ions, the shape, magnitude and possible polarization effects of the absorption and emission bands involved in laser operation around 5 m have been commented and compared to well established laser systems in the near infrared such as Nd 3+ :YAG. Absorption (or transmission), emission and excitation spectra recorded as a function of temperature at low temperature (10-50 K) over a broad spectral range allow for accurately determining (3 cm -1 ) the crystal-field energy sublevels of Er 3+ ions dissolved into KPb 2 Cl 5 and Tl 3 PbBr 5 and fitting the energy level structure with parameterized crystal-field model Hamiltonians. This makes possible, among other things :
 to calculate the electronic sum over states function of the first 11 multiplets (from 4 I 15/2 to 2 H 9/2 )  to characterize the possible existence of several incorporation sites for RE ions
The knowledge of these data is mandatory not only to estimate absorption and emission cross sections of the optical lines exploited for laser operation, but also to assign the bands observed on the excitation and anti-Stokes emission spectra. This has given a strong impetus to spectroscopic investigations in Russia, in Europe and in the USA Gruber et al., 2006; Jenkins et al., 2003; Quimby et al., 2008; Tkachuk et al., 2005 Tkachuk et al., , 2007 . The peak-by-peak assignment of crystal-field sublevels also permits to check the number of peaks expected for a complete degeneracy lift of each multiplet (J+1/2). This demonstrates the occurrence of only one symmetry-type site for Er 3+ ions in these two host compounds, a priori C 1 (table 1) . However, as a great number of non equivalent defects is likely to form (for instance, more than one hundred in KPb 2 Cl 5 ) and the point group symmetry is very low for all the atomic positions, the precise characterization of the Er 3+ incorporation sites in both compounds remains difficult. Crystal-field calculations with C s /C 2 point groups lead to a satisfactory agreement between experimental and calculated energy levels [Ferrier et al., 2007 [Ferrier et al., , 2008a Gruber et al., 2006] .
Absorption cross sections around 800 and 980 nm, spectral range in which diode pumping is commonly available, are shown in figure 3. The absorption bands are large (for a RE 3+ -doped system) and so suitable for diode pumping. Judd-Ofelt analysis performed with absorption spectra over the first 11 excited states showed that the branching ratio of the 4 I 9/2  4 I 11/2 transition around 4.5 m amounts to only 1.2 %. But even if this is low as compared to other laser systems, these absorption cross sections are typical of forced electric dipole transitions and sufficient to be exploited under diode pumping [Bowman et al., 1999 [Bowman et al., , 2001 Condon et al., 2006a] , provided that a high power is used. Cross section calibrated emission spectra obtained under excitation at 800 nm display a poorly structured and virtually independent on polarization broad band, which exemplifies the interest in chlorides and bromides for MIR laser applications (figure 4). Indeed, emissions from multiplet 4 I 9/2 , to multiplet 4 I 13/2 at 1.7 m, and to multiplet 4 I 11/2 at 4.5 m are never observed neither in oxides nor in fluorides. In particular, in Tl 3 PbBr 5 :Er 3+ , 15 « Raman » phonons of the highest energy are required to match the energy difference between the two multiplets implied in the laser transition 4 I 9/2  4 I 11/2 , which entails multiphonon emission kinetics much slower than radiative de-excitation ones (figure 2).
Emission cross-sections, ~2.10 -21 cm 2 ( EM  R~( 3-5).10 -24 cm 2 .s at  max~4 .5 m), are as high in Tl 3 PbBr 5 as in KPb 2 Cl 5 , and the experimental lifetimes of the three first excited levels 2 to 4 ms in both compounds, which is favourable to diode pumped pulsed regime laser operation. As the experimental lifetime of the terminal level (more than 3 ms) is longer than that of the emitting one (around 2 ms), we investigated the possibility of observing antiStokes emissions at room temperature and recording their excitation spectra likely to unveil parasitic mechanisms depleting 4 I 9/2 and 4 I 11/2 energy levels. Figure 5 shows the anti-Stokes luminescence issued from 4 G 11/2 , 2 H 9/2 (violet), 4 F 3/2 / 4 F 5/2 (blue), 2 H 11/2 , 4 S 3/2 (green), 4 F 9/2 and 2 H 11/2 (red) by Ti:Sa laser cw excitation at 804 nm, in Er 3+ -doped KPb 2 Cl 5 and Tl 3 PbBr 5 crystals. In order to understand by which mechanism(s), likely to affect population inversion kinetics during laser operation, all these levels gets populated in spite of the fact that excitation around 800 nm is non resonant, it proved useful to get excitation spectra of these emissions as well as fluorescence decay measurements under pulsed non resonant excitation. References Ferrier et al., 2007 Ferrier et al., , 2008a Quimby et al., 2008; Tkachuk et al., 2007] highlight the relevance of such processes as :
 excited state absorption 4 I 9/2  2 H 9/2 from 816 to 837 nm ( ESA~( 2-3).10 -21 cm 2 ), 4 I 11/2 ( 4 F 3/2 , 4 F 5/2 ) at 815 and 839 nm ( ESA~( 1-1.5)×10 -20 cm 2 ) and 4 I 13/2 ( 2 H 11/2 , 4 S 3/2 ) around 800 and 847 nm ( ESA~( 3-4).10 -21 cm 2 ) ;  resonant energy transfers by ETU 2* 4 I 9/2  4 I 15/2 + 2 H 9/2 , 4 I 11/2 + 4 I 9/2  4 I 15/2 +( 4 F 3/2 , 4 F 5/2 ) and 2* 4 I 9/2  4 I 13/2 + 4 S 3/2 around 800 nm (figure 6), the laser pumping wavelength which is foreseen in this system.
In Tl 3 PbBr 5 crystals, excited state absorption cross section are virtually the same in magnitude but with a systematic red shift ~5-6 nm. Time resolved emission spectroscopy is mandatory to quantify the different relaxation rates, since population mechanisms of 2 H 9/2 and ( 4 F 3/2 , 4 F 5/2 ) levels coexist more or less as a function of the excitation wavelength. Calibration of the spectra in cross sections units by successive application of FuchtbauerLadenburg and MacCumber relationships permits to estimate the energy transfer microparameters which appear in the rate equations driving the population inversion kinetics during laser operation, and consequently to optimize the wavelength and temporal width of pumping pulses. This investigation demonstrated that the effect of ETU (see in Fig.  6 ) turns out to be completely negligible until the concentration of 3.3 mol % is achieved in KPb 2 Cl 5 crystals [Ferrier et al., 2007] (which corresponds to an average Er 3+ -Er 3+ distance of ~12 Å), and that optical pumping at 800 nm, that is, at the absorption peak in KPb 2 Cl 5 :Er 3+ , does not lead to substantial excited state absorption losses towards the 2 H 9/2 level (see in Fig. 5 ). As a matter of fact, when the Er 3+ ion concentration increases, losses by ETU also increase, but less rapidly than the population rate of the emitting 4 I 9/2 level, so that the resulting population inversion also increases. A striking structure-property relationship can be seen in the fact that the 4 F 7/2 experimental lifetime is seven to eight times longer in Tl 3 PbBr 5 (70 s) and in KPb 2 Br 5 (85 s) than in KPb 2 Cl 5 (10 s), which demonstrates that non radiative multiphonon emission kinetics are much slower in bromides than in chlorides [Hömmerich et al., 2005] In addition, the bottleneck effect of the laser effect likely to arise from the long emission lifetime of the 4 I 13/2 level 4.6 ms, is unsignificant in pulsed regime because the latter is virtually empty. The gain cross section is displayed in figure 7 and permits the identification of the most probable laser oscillation wavelength at the maxima. Fig. 7 . Gain cross section around 4.5 m in KPb 2 Cl 5 :Er 3+ , with =n 4 I 9/2 /(n 4 I 9/2 +n 4 I 11/2 ).
Pr

3+ -doped single crystals
By adjusting their fluorescence data at 1.6 m issued from the 3 F 3 level with the system of population rate equations reported hereafter, Bowman et al. could Moreover, by matching the decay rate to an exponential law, they determined the apparent lifetime 2 " " 900 s    (that is, 15.5 times longer than the real  2 ) standing for the electronic feeding of the 3 F 3 level due to the crossed relaxation mechanism (figure 1). It is worth noting the laser emission centered at 5.2 m (figure 1) which is obtained at 130 K with the same pumping scheme, a power conversion yield of 23 % and a threshold of 2 mJ that increases strongly with temperature.  at 2 m, with a diode pumped Tm 3+ laser, on the 3 F 2 level followed by thermalization and ETU ;  at 1.5 m, with an Er 3+ laser, directly on 3 F 4 level followed by thermalization.
In the near future, such systems will also be pumped at 4.6 m by means of high power quantum cascade laser (QCL) diodes for the emission at 5 m from the 3 H 5 level, particularly in KPb 2 Cl 5 because the pumping strategy involving ETU seems more favourable than in CsCdBr 3 , not only because of lower phonon energies but also because the one dimensional crystal structure of the latter compounds favours ion pairing of Pr 3+ [Amedzake et al., 2008; An & May, 2006; Balda et al., 2002 Balda et al., , 2003 Bluiett et al., 2008; Chukalina, 2004; Ferrier et al., 2009a Ferrier et al., , 2009b Gafurov et al., 2002; Guillot-Noël et al., 2004; Neukum et al., 1994; Rana & Kaseta, 1983] . Absorption and emission spectra recorded as a function of temperature at low temperature (10-50 K) over a broad spectral range allows for the determination of Pr 3+ ions crystal field sublevels dissolved in KPb 2 Cl 5 , and to match them with the eigenvalues of a parameterized crystal field model hamiltonian taking into account 74 sublevels of the 12 first multiplets. The 3 P 1 and 1 I 6 were not included in the refinement procedure because their crystal field sublevels could not be successfully deconvoluted, even at low temperatures. Absorption cross section peaks around 2 m are virtually twice higher in CsCdBr 3 than in Tl 3 PbBr 5 crystals, and the absorption line profiles in CsCdBr 3 :Pr 3+ differs from those observed in the two other compounds (figure 8). In the former crystals, absorption lines are narrow and structured, whereas in the latter ones they are broad, consistently with point defect disorders expected for the three crystal structures Guillot-Noël et al., 2004; Velázquez et al., 2006b ]. Judd-Ofelt analysis realized with absorption spectra on the 10 first excited states, among which 3 of them ( 3 F 2 , 3 F 4 and 1 I 6 ) were thermalized with their closest lower lying level, showed that the branching ratio of the ( 3 F 4 , 3 F 3 ) 3 F 2 transition is negligibly small, that of the ( 3 F 4 , 3 F 3 ) 3 H 6 transition amounts to ~2.3 % (resp. ~1.6 %) and that the radiative lifetime of ( 3 F 4 , 3 F 3 ) levels is ~0.5 ms (resp. ~1 ms) in KPb 2 Cl 5 (resp. CsCdBr 3 ) (for experimental lifetimes of ~0.096 ms in KPb 2 Cl 5 , ~1.57 ms in CsCdBr 3 and ~0.89 ms in Tl 3 PbBr 5 ). Despite similarly weak branching ratios in LaCl 3 crystals, laser operations at 5.2 and 7.2 m could be evidenced [Bowman et al., 1994 [Bowman et al., , 1996 . Utilizing a flash lamp pumped phosphate glass Kigre laser at 1.54 m, delivering pulse trains of 30 mJ at a frequency of 2 to 10 Hz, no luminescence issued from ( 3 F 4 , 3 F 3 ) multiplets at these two wavelengths could be observed in KPb 2 Cl 5 , CsCdBr 3 and Tl 3 PbBr 5 crystals. However, luminescence at 1.6 and 2.4 m associated to ( 3 F 4 , 3 F 3 ) 3 H 4 (~74 % in KPb 2 Cl 5 , ~61.3 % in CsCdBr 3 ) and ( 3 F 4 , 3 F 3 ) 3 H 5 (~24 % in KPb 2 Cl 5 , ~37 % in CsCdBr 3 ) transitions were observed (figure 9).
Broad band emission spectra are poorly structured and exhibit important emission cross section, ~(2-4).10 -20 cm 2 ( EM  R~( 2-4).10 -23 cm 2 .s at the emission peak, virtually as much as in YAG:Nd 3+ at 1.064 m), in the two compounds CsCdBr 3 and KPb 2 Cl 5 . Several levels emit around 4.5-5 m [Rana & Kaseta, 1983] : the ( 3 F 4 , 3 F 3 ) levels around 5 m, the ( 3 F 2 , 3 H 6 ) levels around 4.5 m and the 3 H 6 level around 4.9 m. The former ones already gave rise to the laser operation described in section 1, but in comparison with the other levels, the branching Fig. 9 . Room temperature emission spectra of Pr 3+ ions dissolved into CsCdBr 3 and KPb 2 Cl 5 crystals, excited by pulses of a Kigre Er 3+ laser at 1.54 m.
ratio of the laser transition proves to be rather weak (~2.3 % (resp. ~1.6 %) versus ~14.7 % (resp. ~8.4 %) and ~48.4 % (resp. ~54.4%) in KPb 2 Cl 5 (resp. CsCdBr 3 )). The 3 H 6  3 H 5 transition seems interesting not only because of its branching ratio, but also because the experimental lifetime is quite long, 1 ms (3.6 ms in CsCdBr 3 ), and so favourable to energy storage. Nevertheless, this transition competes with ground state absorption and energy transfer processes induced by the excitation at 2 m, likely to provoke important losses. Finally, the simplest solution remains the 3 H 5  3 H 4 transition which, even if it ends on the ground state, has a long lifetime, a quantum yield close to 1 (=100 %) and broad and high absorption and emission cross sections. Such an emission could be efficiently pumped by means of QCL diodes around 4.6 m. Although several energy levels (( 3 F 4 , 3 F 3 ), ( 3 F 2 , 3 H 6 ) and 3 H 6 ) can emit around 4-5 m, by means of the same excitation scheme as described above, and with a time resolved detection, it was possible to discriminate the IR luminescence associated with the 3 H 5  3 H 4 transition, and to calibrate the spectra in cross section units by means of the Fuchtbauer-Ladenburg formula (for Tl 3 PbBr 5 , we took the experimental lifetime,  f ( 3 H 5 )=30 ms). Absorption and emission spectra around 4.6 m turn out to be very broad in the three compounds (figure 10). The emission cross section is about twice that found in KPb 2 Cl 5 :Er 3+ around 4.5 m and the radiative lifetimes are several tens of ms ( EM  R~( 2-3).10 -22 cm 2 .s at the peak). Judd-Ofelt analysis gives  R ( 3 H 5 )=38 ms (versus  f =5.65 ms in KPb 2 Cl 5 ),  R ( 3 H 5 )=82 ms (versus  f =29 ms dans CsCdBr 3 ), once again favourable to energy storage with a view to short-pulse MIR laser operation. For a total Pr 3+ ions concentration typically ~10 20 (resp. 5.10 19 ) cm -3 and a crystal length of 5 mm, the absorption rate of a pump beam at 4.6 m would reach 21.3 (resp. 11.3) %. The emission lines profiles, shown in figure 10 for the two compounds KPb 2 Cl 5 and CsCdBr 3 , were checked by calibrating them by the reciprocity method, and the agreement with the previous spectra is www.intechopen.com
Solid State Laser 132 satisfying [Ferrier et al., 2008b [Ferrier et al., , 2009b . Gain cross section calculated with these spectra are displayed in figure 11 . In the case of KPb 2 Cl 5 and of Tl 3 PbBr 5 , the gain cross section is very broad and devoid of maximum, which could give rise to a broad tunability over a large spectral range. In the case of CsCdBr 3 , the gain cross section, weaker, exhibits a peak at 4.75 m and a rounded shape ~5 m, where laser operation is expected. In all cases, we observe that the gain cross section is positive as soon as =0.4, from 4.96 to 5.6 m for CsCdBr 3 , and from 4.87 to 5.48 m for KPb 2 Cl 5 . As this type of 3-level lasers require a high population inversion ratio (=0.4), an efficient pumping source must be designed, which can excite the strongest absorption bands around 1.6 ( 3 H 4 ( 3 F 4 , 3 F 3 )) and 2 m ( 3 H 4 ( 3 F 2 , 3 H 6 )) with solid state lasers or Er 3+ or Tm 3+ -doped fibers now widely spread. Fig. 10 . Absorption and emission cross sections between 3 H 5 and 3 H 4 levels at room temperature. The arrow indicates an artefact peak due to the response function of a filter 3.5 m incorporated in the setup in order to eliminate fluorescence harmonics.
Another way would consist in codoping the crystal with Yb 3+ ions (resp. Tm 3+ ions), and to exploit Yb 3+ -Pr 3+ energy transfer [Balda et al., 2003; Bluiett et al., 2008; Howse et al., 2010] thanks to high-powered low cost 980 nm (resp. 800 nm) diode pumping, but the high concentrations required remain hardly achievable in these compounds on the one hand, and the energy difference between laser and pumping wavelengths which would entail an important thermal load, on the other hand, lead us to consider another promising alternative : QCL diode pumping around 4.6 m (which delivers 1.8 W at room temperature [Bai et al., 2008] ), that is, pumping directly in the emitting level. Preliminary calculations, which do not take into account neither excited state absorption nor energy transfers, suggest that these sources should allow for reaching a sufficient population inversion ratio to obtain laser operation at reasonable pumping powers with power conversion yields on the order ~10 % [Ferrier et al., 2008b [Ferrier et al., , 2009b . Let us stress once again the necessity of both obtaining microstructure-related loss-free crystals and designing an efficient pumping scheme. Indeed, even if the gain cross section becomes positive at 40 % population inversion, the latter quickly saturates at 53.5 % in KPb 2 Cl 5 :Pr 3+ for a pump beam waist at 4.6 m of 100 m, and one expects laser emission centered at 5.05 m, where the gain cross section reaches a low ~1.1×10 -21 cm 2 (figure 11). For a crystal length of 5 mm and an excited ion concentration of 10 19 cm -3 , the cavity roundtrip gain amounts to 1.1 %, that is, virtually the same as that found in KPb 2 Cl 5 :Er 3+ . In order to explain the homogeneous and inhomogeneous substantial broadening of the absorption and emission bands in Pr 3+ :KPb 2 Cl 5 , a scrutinous examination of the absorption line profile on the 3 P 0 profile at 487.5 nm is mandatory [Ferrier et al., 2008b] . As a matter of fact, for this non degenerate level one expects one single line per substitution site, provided that the second crystal field sublevel of the ground state 3 H 4 does not contribute to the absorption signal shape : as it lies at 15 cm -1 , it should not be significantly populated at temperatures lower than 21.6 K. Figure 12 clearly shows the presence of five absorption lines and consequently as many substitution sites for Pr 3+ ions in KPb 2 Cl 5 , giving a beginning of explanation to the origin of the inhomogeneous band broadening, which consequently dominates the homogeneous broadening at low temperature [Ferrier et al., 2008b] . This characteristic is consistent with the structural description of the point defects ], but if it is so, why does Er 3+ or Eu 3+ substitution lead to majoritarily one type of point defect [Cascales et al., 2005; Ferrier et al., 2007; Gruber et al., 2006; Velázquez et al., 2009] In Figure 13 , we see that these energy transfers do not only occur undistinctly in KPb 2 Cl 5 and in CsCdBr 3 , but that they also occur in the former compound with Pr 3+ ions concentrations a hundred times weaker. The Pr 3+ ion pairing in CsCdBr 3 , favourable to energy transfers described above, can be related to the decrease by a factor of 4 of the relative intensity of the emission issued from ( 3 F 2 , 3 H 6 ) levels in favour of those issued from ( 3 F 4 , 3 F 3 ) levels.
Finally, another alternative could be found in the works performed on Tb 3+ and (Tb 3+ ,Tm 3+ )-doped KPb 2 Cl 5 , KPb 2 Br 5 and CsCdBr 3 single crystals, because of their potentially interesting MIR transitions 7 F 5  7 F 6 (4.6-5.5 m) and 7 F 4  7 F 5 (8 m) [Bluiett et al., 2011; Ganem et al., 2002; Lichkova et al., 2006; Okhrimchuk et al., 2002; Rademaker et al., 2004; Roy et al., 2005; Shakurov et al., 2004] . So far, no laser operation based on these systems could be demonstrated. The 7 F 6 multiplet is both the terminal level and ground state and the branching ratio of the 7 F 4  7 F 5 transition is ~2 % (resp. ~6.6 %) and the experimental lifetimes of several tens of ms (resp. ( 7 F 5 )22 ms and ( 7 F 4 )0.36 ms) in KPb 2 Cl 5 (resp. KPb 2 Br 5 [Hömmerich et al., 2006] ).
Loss mechanisms and current challenges in the growth of MIR laser halide crystals
The growth conditions of pure or RE 3+ -doped APb 2 X 5 (A=K,Rb ; X=Cl,Br) and Tl 3 PbX 5 (X=Cl,Br) single crystals for MIR laser and/or nonlinear optical applications have been exhaustively detailed in an impressive body of work [Amedzake et al., 2008; Atuchin et al., 2011; Bekenev et al., 2011; Condon et al., 2006b; Ferrier et al., 2006a Ferrier et al., , 2006b Gang et al., 2008; Isaenko et al., 2001; Nitsch et al., 1993 Nitsch et al., , 1995a Nitsch et al., , 1995b Nitsch et al., , 2004 Nitsch & Rodová 1999; Oyebola et al., 2010; Rodová et al., 1995; Roy et al., 2003; Singh et al., 2005; Tigréat et al., 2001; Velázquez et al., 2006a Velázquez et al., , 2006b Velázquez et al., , 2009 Voda et al., 2004; Wang et al., 2007] . Special safety conditions for the manipulation of large amounts of TlCl or TlBr powders must be followed, but this does not entail insuperable difficulties [Peter & Viraraghavan, 2005] . It is now widely established that crystal growth by the Bridgman method must be carried out in sealed silica ampoules under a low pressure (~10 -2 atm) of Cl 2 or HCl (HBr for bromides) gas to avoid bubble formation, and at low growth rates (~0.1-1 mm.h -1 ) in axial thermal gradients typically 15-20 K.cm -1 with opening angles of the ampoule bottom lower than 120° to avoid shear stress induced cracks. PbX 2 (X=Cl,Br) starting materials must be purified by previous solidification runs by the Bridgman method [Basiev et al., 2004] . In KPb 2 Cl 5 crystals, roundtrip losses mechanisms, such as laser beam depolarization and double refraction [Condon et al., 2006b] reaches 1 %. So, the two main current challenges in terms of laser crystal growth are to increase the Er 3+ ion content and avoid twinning of the crystals upon cooling. The twinning patterns observed under polarized light are due to the phase transition that occurs upon cooling the crystal, at T t =255 °C. The mechanism of this phase transition has been definitely unveiled in recent years simultaneously by us and a Russian team [Mel'nikova et al., 2005 [Mel'nikova et al., , 2006 Merkulov et al., 2005; Velázquez et al., 2006b Velázquez et al., , 2009 Velázquez & Pérez, 2007] . The phase transition is driven by the K + and Pb(2) 2+ cationic ordering that induces a Pmcn to P2 1 /c symmetry change upon cooling, at 255 °C. Similar twinning patterns were observed in KPb 2 Br 5 crystals [Mel'nikova et al., 2005] , and twinning patterns associated with the crossing of another phase transition was also observed in Tl 3 PbBr 5 [Singh et al., 2005] . It is possible to produce, by means of slow cooling, small size (~1 to 8 mm 3 ) untwined single crystals, but any stress of magnitude higher than a certain threshold value will result in the formation of a twinning pattern. In order to get rid of that, one must increase the diffusion activation energy, E a , by increasing the radius of the A + cation in APb 2 X 5 (X=Cl,Br) compounds, in such a way that E a RT m , with T m =432.3 °C for KPb 2 Cl 5 . On passing from A=K to A=Rb, the crystal does not undergo any phase transition between the melting and room temperatures, which explains the interest of several research groups in developing RE-doped RbPb 2 Cl 5 crystals. However, according to our preliminary experiments, in rubidium lead chloride crystals, the Er 3+ solubility seems lower than in potassium lead chlorides. So, it is clear that some innovative codoping of Er 3+ ions with another ion devoid of optical activity must be found, in order to increase its solubility in rubidium lead halides [Isaenko et al., 2009b; Tarasova et al., 2011; Velázquez et al., 2009] .
Conclusion
This chapter has emphasized the laser potential of the currently most important rare-earth doped chlorides and bromides laser crystals. Some of them (LaCl 3 :Pr 3+ , KPb 2 Cl 5 :Er 3+ , KPb 2 Cl 5 :Dy 3+ ) have already led to laser systems operating in bands II and III of the atmosphere transmission window. All these crystals were grown exclusively by the Bridgman method in sealed silica ampoules. After 15 years of research on MIR solid state lasers carried out in Europe, USA, Russia and more recently China, lots of improvements remain to be done in the realm of synthesis and crystal growth of the laser materials, as well as on the optimization of the pumping strategy. Both kind of advances will require new and original solid solution crystal engineering in order to both get rid of the phase transition inducing twinned microstructures detrimental to efficient laser operation and increase the suitable RE ions solubilities in the halide host compounds. As the gain cross sections in the spectral range where laser operation was demonstrated are relatively weak (~(1-5).10 -21 cm 2 ), an important effort must be devoted to the annihilation of the losses which could also be achieved by a clever shaping and functionalization of the crystals. In this perspective, 3-level laser operation by QCL diode pumping on the Pr 3+ 3 H 5 multiplet in KPb 2 Cl 5 crystals could be interesting because of the low thermal load, the substantial absorption cross section and also because the refractive index difference between twin domains should be much smaller in this spectral range. Lumin., Vol. 97, 
References
